We propose an imaging grating spectrometer suite with an agile pointing system and two-dimensional detectors to monitor global and regional greenhouse gas fluxes and target local emission. Three imaging spectrometers cover the nitrogen dioxide (NO 2 ) band between 460 and 480 nm, the oxygen (O 2 ) A band and solar-induced chlorophyll fluorescence (SIF) between 747 and 783 nm, and the weak carbon dioxide (CO 2 ) and methane (CH 4 ) absorption band at 1.6 m with a spectral resolution of 0.1, 0.1, and 0.2 nm, respectively. We observe solar reflected spectra to retrieve column-averaged dry air mole fractions and cover entire emission areas such as mega cities, coal mines, and landfills with spatial resolution of 1 km.
Greenhouse Gases Observation from Space
The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY), which was launched in 2002 onboard the Environmental Satellite (ENVISAT) was the first spectrometer to retrieve the column density of greenhouse gases (GHGs) of carbon dioxide (CO 2 ) and methane (CH 4 ) from space.
1) The second generation instruments such as the Thermal And Near infrared Sensor for carbon Observation Fourier-Transform Spectrometer (TANSO-FTS) onboard the Greenhouse gases Observing SATellite (GOSAT) and the Orbital Carbon Observatory (OCO) instrument, were designed to accurately and precisely measure GHGs concentration with their improved, higher spectral resolutions. [2] [3] TANSO-FTS employed single pixel detectors, carried a pointing system to stare target sites for calibration and validation as well as large emission sources. In contrast, OCO employed an imaging capability with two-dimensional (2-D) detectors. With high spectral resolution spectrometers such as GOSAT, an optimized sampling strategy needs to be considered to effectively collect science data over regions and areas of special interest.
Observation Target

Emission source distribution
At the beginning of the GOSAT program, the primal objective was to reduce uncertainties associated with sub-continent level natural GHG flux estimates by collecting GHG data globally from space. TANSO-FTS thus employed a grid-like observation pattern for nominal observation. Even though we can accurately measure the column density of GHGs, uncertainty in the chemical transport model causes large estimation error. Furthermore spatial sampling is too sparse to identify the type of emission source. After demonstrating the effectiveness of GHG remote sensing from space, estimating anthropogenic amounts of GHG emission is strongly required. To establish policies regarding GHG emission reduction, types of sources should also be identified and prioritized.
As illustrated in Fig. 1 , major CH 4 emission sources comprise livestock, oil/gas field, waste, rice and coal. Most of the sources have an area less than 1 km 2 . Their emission sources are isolated, and influx can be ignored with proper reference measurement near the emission source. The TANSO-FTS 10.5 km-diameter footprint can cover the entire CH 4 emission area when target observation with an agile pointing system is used. The emission amount can be estimated when we cover the entire emission sources. If the local wind speed data are available, we can estimate instantaneous total emission amount without using transport information. 6) More than 70% of CO 2 emissions is attributed to urban areas (Ref: UN-HABITAT). Locations of emission sources vary and areas such as mega-cities are widely spread. Identifying the source and estimating the emission amount are difficult with the existing single-point TANSO-FTS observation. To estimate both CO 2 and CH 4 emission, 1 km scale sampling is needed. 
Tracer measurement
The life-time of both CO 2 and CH 4 is long and easily mixed with their transport. In mega-cities, relationships among influx, emission, and out-flux are complicated. Short-lived species are minimally affected by transport and provide information on CO 2 emission distribution. Nitrogen dioxide (NO 2 ) can be measured with wider absorption lines and brighter solar visible light than carbon monoxide (CO) in short-wave infrared (SWIR) band. Precise NO 2 measurements provide anthropogenic emissions more directly than CO measurements.
CO 2 uptake
Estimation of CO 2 uptake has larger uncertainties than its emission. Solar-induced chlorophyll fluorescence (SIF) measurement from space will help estimate gross primary production. SIF can be retrieved from high-resolution spectra measurements of solar Fraunhofer lines. For SIF observations, the entire surface vegetation cover is preferable.
Proposed Observation and Sensor System
Observation concept
The GOSAT eight-year operation has demonstrated a need for prioritization of parameters to be retrieved and optimization of spatiotemporal sampling patterns. 7) Several spectral bands turned to be less useful for GHGs monitoring and some of calibration operations within GOSAT were redundant. In this study, we propose to retrieve CO 2 and CH 4 only from the 1.6 m band. Given that reflectance of the Spectralon diffuser-panel for solar-irradiance calibration showed faster degradation than optical efficiency of the main spectrometer, we do not intend to use an onboard calibrator. Galli et al. 8) demonstrated the increase of the standard deviation of CO 2 retrieval errors from 0.7% to 1.0% when the spectral resolution of GOSAT data was reduced by a factor of six. In addition, the error scatter increase for CH 4 columns was less pronounced than CO 2 . However, the sparse surface coverage achieved by existing spaceborne instruments, needs to be improved in order to effectively collect science data. In this paper, we propose an imaging spectrometer suite with optimized combination of spatial and spectral resolutions equipped with an agile pointing system.
Main characteristics
The main characteristics of our spectrometer are listed below: (1) two operational modes: survey and staring; (2) fully customized and programmable ground sampling patterns with an agile pointing system; (3) simultaneous short-life component of NO 2 as a tracer of emission source; (4) cloud-height detection, light-path modification estimation via cloud and aerosol scattering, and SIF observation using oxygen (O 2 ) A band; (5) column measurement of two major GHGs, namely, CO 2 and CH 4 , using solar reflection; (6) onboard data binning and transmission of cloud-free data using an onboard cloud screening algorithm.
The survey mode does not activate the pointing mechanism and covers the Earth's entire surface using wide-field optics. The staring mode is for capturing total emission from a regional scale of roughly 60 km by 60 km via kilo-meter scale sampling using a telescope and a two-axis system to include both the emission source and plume. The two modes are summarized in Table 1 . Figure 2 shows a conceptual optical layout comprising foreoptics, an agile two-axis pointing system, relay optics, three imaging spectrometers with aberration-corrected convex gratings, and a 2-D array detector camera. 
Pointing mechanism
The pointing system is multifunctional, with a precision and accuracy of the order of 0.01° (Table 2) . A cross-track motion system introduces either wide-field survey-mode light via fore optics or staring-mode light when viewing the target. Along-track motion in the staring mode can slow down ground speed and increase the integration time by forward looking at first and backward looking at the end. A typical ground speed of 7 km/s with simply viewing nadir is reduced to 1 km/s using precise along-track motion.
When a target can be viewed from more than two orbits, the orbit opposite to the Sun will be selected. Forward surface scattering generally provides a more stable retrieval than the backward one. In the former, changes in bidirectional reflectance distribution function (BRDF) are smooth and aerosol scattering is weak.
The single starting mode has a swath of 32 km. Assuming that most mega-cities have densely-populated areas of less than 60 km by 60 km, the pointing mechanism can cover the entire region by forward and backward looking twice with two different cross track angles. The areal observation is completed in about 120 sec and the satellite moves 840 km along the orbit while the pointing mechanism stares 60 km by 60 km area with along-track motion of ±32°. 
Spectrometers
Three spectrometers cover the NO 2 band between 460 and 480 nm, the O 2 A band between 747 and 783 nm, and the weak CO 2 and CH 4 absorption band at 1.6 m with a spectral resolution of 0.09, 0.09, and 0.2 nm, respectively. Each spectrometer has a 2-D array detector of Si-CMOS for 460-490 nm, 747-783 nm, and of InGaAs for 1.60-1.67 m. All the raw data cannot be transmitted to the ground regularly because the number of pixels is large, the analog-to-digital converting bit is greater than 14, and the readout frequency is high. We bin sum pixels to increase the signal-to-noise ratio (SNR) onboard. Moreover, using several spectral lines from the O 2 A band, we filter thick cloud-contaminated scenes onboard. The specifications of the three spectrometers are summarized in Tables 3, 4 , and 5. 
Detector selection
To save development cost, we use an off-the-shelf 2-D array detector and read out electronics circuit. The cutoff wavelength of the InGaAs detector depends on its composition ratio of In versus Ga and operation temperature.
We compare different cutoffs from 1.67 m to 2.55 m detectors. We select the 1.67 m cutoff one as noise level is smaller than the 2.55 m cutoff detector by two orders of magnitude and the manufacturing yield of 2-D array is much better at this level. We then carefully characterize the temperature dependency of the cutoff and noise level. To reduce noise, the detector has to be cooled by a thermo-electric cooler. To cover strong CH 4 absorption at 1.665 m and for the thermal design of the cooler, the detector must be operated above 10 ℃. Spectral binning 6 pixels Spatial binning 48 pixels
Relay optics and foreoptics
As illustrated in Fig. 2 ., the survey mode uses an additional foreoptics by rotating the pointing mirror by 90° and views only the nadir with a wide field of view (FOV). For this purpose, each band has its own refractive optics to convert the image size. After the pointing mirror introduces the scene flux, reflective optics cover the wavelength of all three bands and share a common entrance slit. Subsequently the relay optics separate the flux into three spectral bands. The F number of the collecting optics matches the speed of the three spectrometers.
Laboratory Model
From an engineering perspective, an aberration-corrected grating spectrometer and a 2D-InGaAs detector with readout electronics are critical components. We have developed and characterized an O 2 A band spectrometer in Table 3 . 9) As illustrated and demonstrated in Fig. 3 , we have introduced both solar light reflected over leaves and Ar lamp light with foreoptics. Spectra image acquired with a 2-D Si-CMOS camera shows high spectral resolution and very low image distortion over a wide FOV.
A colder detector has lower dark current but shorter cutoff wavelength. We test the detector temperature dependency to determine the operation temperature in order to cover the strong CH 4 absorption band at 1.665 m (Fig. 4) 
Conclusion and Future Plan
The proposed imaging spectrometer with an agile pointing system can monitor global and regional GHG fluxes. A 1 km spatial resolution can be achieved with 2-D array detectors with proper integration time, binning and operation temperature. This high spatial and spectral resolution spectrometer can identify the source sector and estimate the emission amount. In addition to GHGs, a 1 km resolution map of NO 2 in the staring mode shows emission source distribution in mega-cities and the survey mode provides global SIF map. By carefully selecting the spectral range and resolution, spectrometer suite of moderate size become feasible.
